. Moisture susceptibility of warm mix asphalt (WMA) with an organic wax additive based on X-ray computed tomography (CT) technology. Advances in Civil Engineering, 2019 e warm mix asphalt was fabricated with different moisture contents (0%, 1%, 2%, and 3%) of limestone aggregates using the Superpave gyratory compactor. e moisture susceptibility of asphalt mixtures with an organic wax additive RH was studied. e samples were compacted and tested using the modified Lottman test AASHTO T283, and the X-ray computed tomography technology was used to capture the internal structure images before and after the freeze-thaw cycles. e test results show that the air voids were distributed in the size range of 0-5 mm 3 and 5-10 mm 3 . e number of air voids decreased with the increase of air void size and increased after freeze-thaw cycles. e air void content can be influenced by the residual moisture in aggregates. e higher the moisture content of aggregates is, the larger the air void content is. So, the air void content is likely to be sensitive to moisture damage. e increase ratio of the air void and moisture content of aggregates had good correlation with the indirect tensile strength and tensile strength ratio of the samples. e indirect tensile strength and tensile strength ratio of the samples decreased linearly, and the samples were sensitive to the moisture damage with the increases of increase ratio of the air void/ moisture content in aggregates.
Introduction
e technology of warm mix asphalt (WMA) features energy conservation and environmental protection, and WMA has been used widely in the industry. Different advantages are identified for WMA compared to hot mix asphalt (HMA), including (1) reduction of fuel consumption during the mixture fabrication; (2) reduction of pollutant emissions (like fumes); (3) improved compaction; (4) the possibility of longer paving seasons; and (5) lower short-term aging thanks to lower production temperatures [1] [2] [3] . Studies from the National Center for Asphalt Technology (NCAT) indicate that mixtures showed a tendency to have problems with rutting and moisture susceptibility if the mixing temperatures are reduced in WMA [4] [5] [6] . e addition of organic wax additive in mixtures affects the viscosity of asphalt binders. For WMA with organic wax additives, normally, a lower temperature is used for drying the aggregates; aggregates may not be completely dried, and some residual moisture is still in aggregates.
is process may weaken bonds and adhesions between asphalt binders and aggregates and could result in a negative impact on the moisture susceptibility of mixtures. Giuliani et al. showed that the presence of the organic wax additive in asphalt binders provided some side effects on the performance of asphalt binders, such as the reduction of the adhesions and the increased susceptibility to stripping and raveling [7] . Specifications in China and the United States require completely dry aggregates in WMA with organic wax additives [8, 9] . It is common that aggregates are stored under the cover in the field, and different heating stages are used to minimize water content in the aggregates. However, more air moisture exists due to the climate changes. Few researchers determined the influence of the residual moisture in aggregate on WMA with organic wax additives, and the residual moisture may result in moisture damage in pavements.
In most cases, the moisture susceptibility of WMA mixtures with different types of additives was studied by conventional test methods used for HMA mixtures. Hesami et al. used hydrated lime to improve the moisture susceptibility of WMA with Sasobit/Aspha-min and limestone/ granite. e hydrated lime improved adhesion between asphalt binders and aggregates and reduced the probability of moisture damage in WMA mixtures [10] . e WMA mixtures with Aspha-min/Sasobit or others had a low tensile strength ratio (TSR), which is less than 0.8, and the moisture susceptibility had been improved significantly about 1.6 times with the addition of antistripping agents [11, 12] . e indirect tensile test (ITT) was used to test the WMA mixtures with freeze-thaw cycles, and TSR of WMA mixtures with the moist aggregates was lower than that of WMA mixtures with dried aggregates [13] . e residual Marshall stability and TSR of WMA mixtures declined sharply if the moisture content of aggregates increased from 0% to 2% [14] . e addition of Aspha-min/Sasobit in WMA mixtures did not have an impact on indirect tensile strength (ITS) before freeze-thaw cycles, and the resistance to deformation in WMA mixtures without moist aggregates improved [15] . e WMA mixtures with saturated surface dry (SSD) aggregates do not meet the minimum requirement of 0.80 by American Association of State Highway and Transportation Officials (AASHTO) T283 in ITT tests. e undried aggregates may have a potential of moisture damage in WMA mixtures, and the moisture susceptibility of WMA mixtures improved by incorporating hydrated lime as an antistripping agent [16] . Previous studies mentioned that the potential for moisture damage in WMA mixtures increases due to low mixing temperatures and undried aggregates. However, it is still needed to further explore how the residual moisture in aggregates affects the moisture susceptibility of WMA mixtures.
Based on the X-ray computed tomography (CT) technology, the internal structures of asphalt mixtures were analyzed [17] [18] [19] [20] . In 1998, the Federal Highway Administration (FHWA) initiated the SIMAP (Simulation, Imaging, and Mechanics of Asphalt Pavements) program. It aimed to develop 3D image technology to capture the internal structure of asphalt mixtures and imposed loadings on the 3D numerical model to forecast the response, behavior, and performance of asphalt mixtures based on volumetric and mechanical characteristics [21] [22] [23] [24] [25] . e X-ray CT technology was used to determine permeability in asphalt mixtures. e air void structure was characterized, and the tortuosity of 14 samples with different total air void contents (10 of them containing limestone and 4 of them gravel) was determined. It is demonstrated that the tortuosity was in a range of 3.16 to 4.94, and the real length of a path in the samples was more than 3 times the distance between the extreme points [26] . e X-ray CT technology was adopted to analyze the internal structure of asphalt mixture and convert it into finite element software for the numerical simulation to obtain the horizontal and vertical modulus of asphalt mixture [27] . A model for the viscoplastic behavior of asphalt mixtures was developed to measure the microstructure damage with X-ray CT and image analysis techniques [28] . Duan used the X-ray CT and image processing technology to distinguish the aggregate profile and local mesostructure of asphalt mixtures and obtain a clear image of >1.18 mm aggregate through direct scanning [29] . Yong et al. established the digital image processing and X-ray CT technology to research influences of different factors on the uniformity of asphalt mixtures, such as compaction method, aggregate type, etc., [30] . Wang et al. reconstructed the asphalt mixture and analyzed the spatial distributions of aggregates, air voids, and mastic [31] . Xu et al. also described the distributions of dynamic and static moistures in the internal structure of asphalt mixtures at the microscale [32] .
e Particle Flow Code (PFC) was used to study the internal structure of asphalt mixtures through X-ray scanning.
e aggregate and mastic were simulated, respectively, as linearly elastic and viscoelastic bodies [33] . Wang et al. scanned the asphalt mixture and imported images into the finite element software to build the finite element model of asphalt mixtures with aggregates, air voids, and mastic. e microscopic structure model was able to reflect the internal structural characteristics of asphalt mixtures [34] . e internal structure of the asphalt mixtures was generated to study the effectiveness of twodimensional (2D) and three-dimensional (3D) models for the simulation of the shear frequency sweep at constant height (FSCH) tests on mixtures [35] . Zelelew and Papagiannakis used volumetric thresholding algorithm, a digital image processing algorithm, to process the images of asphalt mixtures from X-ray CT scanning.
e algorithm utilized volumetric properties of mixtures as the main criterion to establish the air-mastic and mastic-aggregate grayscale boundary thresholds [36] . Hamzah et al. identified the adhesion failure related to the mechanical strength and moisture damage.
e area percentage of adhesion failures was quantified precisely via image analysis technique after the specimens were fractured. e analysis results show that the area of adhesion failures increased with the increase of freeze-thaw cycles. e mixtures with PG-76 binders exhibited lower failure areas compared to mixtures with PG-64 binders [37] . Alvarez focused on the analysis of the internal structure of WMA samples with three additives using both Superpave gyratory compactor (SGC) and Texas gyratory compactor. e air void characteristics were assessed by X-ray CT and image analysis technology. e addition of WMA additives did not lead to significant changes in the vertical distribution of air voids [38, 39] . ere is no significant variation in the air void characteristics of WMA samples compared to HMA samples. e use of WMA additives also did not lead to significant differences in the internal structure of the WMA mixtures compared to HMA mixtures [40] . e surface free energy (SFE) method was also used to assess the moisture damage potential of HMA, and the nanomaterials increase the wettability of asphalt binders.
e aggregate surface exposed to water (P index) was introduced for the evaluation of the moisture damage in asphalt mixtures [41] . e free energy of cohesion and asphalt-aggregate adhesion have a positive effect on the moisture damage in asphalt mixtures, as well as the specific surface area of aggregates and film thickness of asphalt binders. A negative effect of debonding energy of the system and permeability of the asphalt binder was observed for the moisture damage [42] .
Most of the previous studies focused on characterizing the internal structure and developing the finite element 3D numerical model for an asphalt mixture with the X-ray CT technology, but the correlation between internal structure and moisture sensitivity of asphalt mixtures, especially for WMA, is still undeveloped. e motivations of this research are to identify the moisture susceptibility of WMA with an organic wax additive based on X-ray CT technology and find the correlation between the internal structure and moisture sensitivity of WMA.
Objective and Scope
e objective of this research is to explain the potential for moisture damage from the mesoscale perspective using X-ray CT technology in WMA with organic wax additives.
e following tasks were performed in this study in order to achieve the objective: Tables 1-6 .
Experimental Program

Mix Design.
e asphalt mixtures with RH, an organic wax additive, were formed. e target air void of samples is 4 ± 1.0%. e OAC (optimal asphalt content) of the RH-WMA (WMA with RH additive) is determined in accordance to the Marshall Mix design procedures and American Society for Testing and Materials (ASTM) D1559 (2006), and it is 4.8%. e gradation and performance of the RH-WMA are shown in Tables 7 and 8 . e same parameters in the mixture design and tests were selected for all RH-WMA with dried/moist aggregates.
Conditioned Moist Aggregates.
Based on the literature reviews [13, 15, 16] , the oven heating method is used to condition the moist aggregates. e bucket mixer heating method was also used to condition the moist aggregates; the following procedures are seen as below:
(i) e temperature (110°C) of aggregates was determined according to the viscosity-temperature curve of the control mix binder; the viscositytemperature curve of the control mix binder is seen in Figure 1 , and its PG grades are 64-16. (ii) e aggregates were put in the oven (110°C) more than 4 h. (iii) e dried aggregates were poured into the bucket mixer (110°C) for keeping heat uniformity more than 30 min. (iv) e extra distilled water (1.0%, 2.0%, and 3.0% by mass of aggregates) was added to the bucket mixer and mixed with aggregates (the 90 s) to condition the different moist aggregates.
Sample Preparation.
e dried and moist aggregates with 1.0%, 2.0%, and 3.0% were conditioned in the laboratory. RH-WMA samples with dried/moist aggregates were compacted using the Superpave gyratory compactor (SGC).
e mixing and compaction temperatures of control samples are 130°C and 120°C, and the mixing and compaction temperatures of RH-WMA samples (moist aggregates with 1.0%, 2.0%, and 3.0%) are 110°C and 100°C.
e test samples were cylinders with 64 ± 0.5 mm in height and 100 ± 0.5 mm in diameter. A total of 4 sets of samples Advances in Civil Engineeringwere fabricated. Each set contained at least 16 samples, and 64 samples totally were prepared. e bulk air void content of the samples was measured and found to be 4 ± 1.0%. e residual moisture contents of moist aggregates are 0.35%, 0.89, and 1.63%, respectively, which are corresponding to initial moisture contents of 1%, 2%, and 3%. All the RH-WMA samples were kept at room temperature for 24 h before testing.
Test Equipment.
e test CT was industrial X-ray CT provided by NIKON Corporation, Japan, which essentially consisted of the following components: X-ray source, a radiation detector and collimator, image acquisition system, scanning system, data acquisition and processing system, auxiliary system, and so forth, as shown in Figure 2 . e specifications and scanning parameters of the industrial CT are presented in Table 9 . Industrial CT is developed based on X-ray radiographic inspection, and the operational principle is determined the specific relationship before and after X-ray beam penetrates the different materials.
e X-ray absorption coefficient of a material is different; the homogeneity of scanning material is supposed.
e X-ray beam attenuation equation is shown in the following equation:
where I 0 is the light intensity before the X-ray beam penetrates material; I is the light intensity after the X-ray beam penetrates material; Δx is the thickness of the material; and μ is the linear attenuation coefficient of the material. e linear attenuation coefficient of a material is not constant and varies as a function of its density. e attenuation of X-ray penetrates the materials with different penetrating energies. e tomography images of materials without overlapping are obtained by reconstruction algorithms or the distributions of linear attenuation coefficients of X-ray on cross-sections of the materials. e CT image is a map of the spatial distribution of the linear attenuation coefficient, where bright regions correspond to high values of the coefficient, vice versa. e differences in densities of two-dimensional slices were used for identification.
Test Methods
Moisture Susceptibility.
e moisture susceptibility of the RH-WMA with dried/moist aggregates was carried out according to the modified Lottman test method (AASHTO T283). For each type of RH-WMA, two sets of unconditioned and conditioned samples were separated. e dry indirect tensile strength (dry ITS) and wet indirect tensile strength (wet ITS) were measured, and the tensile strength ratio (TSR) was also calculated.
Air Void.
In accordance with AASHTO T269 and AASHTO T 166, the maximum theoretical specific gravity and bulk specific gravity of the RH-WMA with dried/moist aggregates were measured, and the air void percentage of the RH-WMA was calculated.
X-Ray CT.
e industrial CT was used to scan the RH-WMA with dried/moist aggregates through freeze-thaw cycles with a 0.1 mm vertical gap, and their grayscale images were captured. e digital image processing and visual 3D reconstruction technology were used to observe and determine the change in content, size, and distribution of air voids, and the increase ratio of air voids was also calculated.
Results and Discussions
Image Processing
Technique. An imaging processing technique is a process of converting an image into a digital form and applying various mathematical procedures to extract signi cant information from the image. VG Studio MAX 2.2 was used for batch processing the images of the 64 RH-WMA samples obtained from industrial CT, and the 2D images of the RH-WMA samples thereby were imported into the VG Studio MAX 2.2 software for reconstructing the 3D visual model. As the properties of aggregate, mastic, and air voids are three di erent phases in asphalt mixture, they can be separated, and a suitable gray intensity threshold value is determined to separate air voids from aggregate and mastic. After 3D visual model reconstruction, the air voids of the RH-WMA might be seen as a defect, and the defect analysis function of the VG Studio MAX 2.2 was selected for recognizing and analyzing air voids. us, the air void distribution of the samples was observed, and parameters, such as air void content, size, distribution, and connectivity, were calculated accurately.
It is complicated and important to choose a suitable gray intensity threshold in image processing.
e quality of images obtained through industrial CT related to aggregate characteristics. OTSU, Gaussian mixture model (GMM), and fuzzy C-means (FCM) methods were considered and compared in order to accurately determine the gray intensity threshold value and identify air voids of RH-WMA samples [43] [44] [45] . OTUS method is an image thresholding algorithm developed by Nobuyuki Otsu. It is used to automatically perform clustering-based image thresholding or the reduction of a gray-level image to a binary image. It calculates the optimum threshold to separate two layers so that the interclass variance is maximal [43] . e procedure of OTSU is accurate and e cient, and it accommodates the actual situations by means of the iterative method. When the gray intensity threshold value was chosen for air void segmentation, repeated tests were conducted for ne-tuning to get the more accurate air void segmentation images. e 2D and 3D air void segmentation images of the RH-WMA are shown in Figure 3 . e three-phase system can be obviously distinguished from the 2D segmentation images: aggregate, mastic, and air voids. A high percentage of air voids were presented in the top and bottom regions of the RH-WMA from the 3D segmentation images.
e percentage of air voids in the middle region was small and uniformly distributed. A possible explanation for this trend was the mobility of the aggregates at the top and bottom parts are restricted by the plates during the compaction procedure.
en, the coarse aggregates moved to bottom regions, and the ne aggregates were compacted densely. It is also probable that the coarse aggregates were associated with large air voids, and the top and bottom regions had less compaction than the other parts of the samples. e air void distribution related to many factors, like compaction e ort, aggregate gradation, a method of compactions, etc.
Air Voids of the RH-WMA with Dried/Moist Aggregates.
According to the abovementioned method for obtaining the air voids of the RH-WMA samples, VG Studio MAX 2.2 was used to calculate the air void sizes and air void contents of the RH-WMA samples with dried/moist aggregates before and after freeze-thaw cycle, respectively, as presented in Table 10 . Figure 4 illustrates the relationship between the air void contents and their sizes through a freeze-thaw cycle.
From Figure 4 , it can be seen that the air void contents decreased as the air void size increased before and after freeze-thaw cycles in the RH-WMA samples. It demonstrated that the air void content was 2346 pieces at the air void size of 0-5 mm 3 and dropped to 21 pieces at the air void size of 10-50 mm 3 before freeze-thaw cycles; correspondingly, the air void content was 2024 pieces at the air void size of 0-5 mm 3 and dropped to 25 pieces at the air void size of , and the percentage of total air void content was more than 97%. It indicated that the air void sizes of the mixtures were small and mostly lower than 10 mm 3 .
e air void distributions and contents of the mixtures had similar trends with a di erent moisture content of aggregate. Before freeze-thaw cycle  1  2154  201  17  12  9  4  1  2  2187  147  19  10  12  9  3  3  2301  216  28  13  8  5  1  0  2024  298  25  11  10  6  2   After freeze-thaw cycle  1  1854  366  32  15  11  5  2  2  1911  280  41  14  14  10  3  3  2004  441  46  17  12  8  3 6
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Compared with the air void contents of the mixtures in the same air void size through freeze-thaw cycles, it is noticed that the air void content of the samples increased after freeze-thaw cycles except for the size of 0-5 mm 3 with the same moisture content of aggregates.
e air void content in a range of 5-10 mm 3 after freeze-thaw cycles increased by 78%. It is worthy to note 5-10 mm 3 was an important size on the air void distribution. In general, the air void contents of the RH-WMA samples after freeze-thaw cycles increased by approximately 46.2%. is is caused by the state change of residual moisture in aggregate, such as melting and freezing, through freeze-thaw cycles.
e 5-10 mm 3 size signi cantly impacted the increment of the air void.
e relationship between the moisture content of aggregates and 5-10 mm 3 air void contents of the RH-WMA samples was studied, and the results are exhibited in Figure 5 . Figure 5 illustrates that the moisture content of aggregate had a strong linear correlation with the increase of air void contents of the samples in 5-10 mm 3 size, and the correlation coe cient R 2 is up to 0.9510. e highest increment of air void contents was obtained for the mixtures with 3% moisture content of aggregate. In contrast, the samples with dried aggregate had the lowest increment of air void contents.
is demonstrates that the mixtures with a low amount of moisture had a low increment of air voids through freeze-thaw cycles. e volume of residual moisture in aggregates was expanded up to 110% after freeze-thaw cycles. e expansion increased with the increase of residual moisture in aggregates.
According to the AASHTO T269 and AASHTO T166, the air voids of the RH-WMA samples were measured in the laboratory and denoted as MAV.
e air voids of the mixtures were calculated by the images with X-ray CT technology and named as CTAV. In Table 11 , the MAV and CTAV values and the increase ratios before and after freezethaw cycles are listed, respectively. Figure 6 presents the relationship between the moisture content and the increasing ratios of MAV and CTAV of the samples through the freeze-thaw cycles.
From Table 11 and Figure 6 , the following can be found:
(i) e CTAV value was lower than the MAV value before and after freeze-thaw cycles in the RH-WMA samples with dried and moist aggregates. An explanation for this phenomenon was the di erence of air void distribution between the RH-WMA samples and scanned samples. e air voids in the top and bottom regions of the samples were calculated in MAV, but not computed in CTAV. In addition, the relative error between the CTAV and MAV of the mixtures through freeze-thaw cycles was 0.0939 and ere is a good correlation between CTAV and MAV.
(ii) e CTAV and MAV of the samples with di erent moisture contents of aggregates before freeze-thaw cycles were lower than those after freeze-thaw cycles. e freeze-thaw cycles a ected the changes of CTAV and MAV of the samples.
ere is a linear relationship between the increasing ratios of CTAV and MAV and moisture content in aggregate, and R 2 values are 0.9037 and 0.9932, respectively. e test results demonstrate that the increasing ratios of CTAV and MAV linearly increased as the moisture content in aggregates increased. e residual moisture in aggregates a ected air void content. e higher the moisture content in aggregates is, the higher the increase ratios of CTAV and MAV are.
Air Voids of the Cut RH-WMA with Dried/Moist
Aggregates. Due to a high heterogeneity in the surface region of the RH-WMA samples, the samples were cut 4 mm from the top and bottom in height and 4 mm in diameter.
us, the samples with 56 mm in height and 96 mm in diameter were obtained, as shown in Figure 7 . Table 12 shows the CTAV of the cut samples with dried/ moist aggregates before and after freeze-thaw cycles, as well as the increase ratio of CTAV. e test results indicate the freeze-thaw cycles had a signi cant in uence on the CTAV of the cut mixtures. On the other hand, regardless of moisture contents in aggregates, the CTAV increased after the freeze-thaw cycles. e cut samples with 3% moisture content of aggregate exhibited the highest CTAV regardless of before and after freeze-thaw cycles. e moisture related to the results of CTAV.
e relationships between the moisture content of aggregate and the increase ratio of CTAV through freeze-thaw cycles are shown in Figure 8 . Figure 8 demonstrates that there is a linear relationship between the moisture content in aggregates and increase the ratio of CTAV through freeze-thaw cycles for the cut samples.
e correlation coe cient R 2 is up to 0.9597. e increase ratio of CTAV increased as the moisture content of aggregate increased.
e higher moisture content in aggregates, the weaker the bond between the binder and aggregates is.
Image Analysis of the RH-WMA Samples with Dried/ Moist Aggregates.
e visual 3D model was established for changes of air voids, and the transparency was processed by VG Studio MAX 2.2. e air void distribution of the samples was determined, and it is assumed that the transparency of the 3D model was zero. e air void sizes in the same cross section of the RH-WMA samples with dried/moist aggregates before and after freeze-thaw cycles were observed. e di cult part of the process is that determination of the same cross section of the samples before and after freeze-thaw cycles. e iron wire was needed to mark and identify the same cross section position of the samples before and after freeze-thaw cycles.
e mixtures were kept in the 40°C oven for about 4 h to ensure the consistent conditions at the time of scanning and the consistent threshold value during image processing were used. e 3D images were converted into two-valued processing by Image-Pro Plus. e area with a projection of the air voids was quanti ed, and the changes of air voids before and after the freeze-thaw cycles were illustrated, as shown in Figure 9 .
e air void sizes of the samples with dried/moist aggregates increased after freeze-thaw cycles. e air void sizes became larger compared to the analyzed images of the mixtures with dried/moist aggregates before freeze-thaw cycles. e change of air void size in RH-WMA with 3% moisture content was prominent.
e more residual moistures in aggregates are, the larger the change of air void size of the RH-WMA is. 
Moisture Susceptibility of the RH-WMA with Dried/Moist
Aggregates. e indirect tensile test was conducted on the RH-WMA with dried/moist aggregates after freeze-thaw cycles. e results for TSR of the mixtures and increase ratio of CTAV are shown in Table 13 including the dry and wet ITS of the mixtures. e test results indicate that TSR and dry and wet ITS reduced with the increase of moisture content in aggregates. Compared with 1% and 2% moisture content in aggregates, the TSR and dry and wet ITS declined more sharply in the mixtures with 3% moisture content in aggregates. It demonstrates that the mixtures with a high moisture content in aggregates can be more susceptible to moisture damage.
Figures 10 and 11 present the correlation between the moisture content of the aggregates/increase ratio of CTAV and ITS/TSR of the RH-WMA samples. A linear relation between the ITS/TSR and moisture content in aggregates through freeze-thaw cycles is shown in Figure 10 . All correlation R 2 coe cients are more than 0.94. e test results exhibited that the ITS/TSR of the mixtures decreased with the increase of moisture content in aggregates. e asphalt mixtures with 3% moisture content in aggregates had the lowest ITS/TSR. us, it is likely that moisture susceptibility of the RH-WMA was a ected by moisture in aggregates, and the moisture had a negative impact on the moisture susceptibility of the RH-WMA. e higher moisture content in aggregates is, the lower the ITS and TSR are. In other words, the RH-WMA with high moisture content is more susceptible to moisture damage. Figure 11 illustrates that the ITS/TSR of the uncut mixtures through freeze-thaw cycles had the linear correlation with increasing ratio of CTAV; the correlation coe cient R 2 is high, and the minimum one is 0.8858. ere is a good correlation between increase ratio of CTAV and ITS/ TSR. e lower the ITS and TSR are, the larger the increase ratio of CTAV is.
e test results present that moisture susceptibility of the RH-WMA samples was a ected by a change of air voids. RH-WMA with 3% moisture content in aggregates had a large reduction in TSR and also the large increment in increase ratio of CTAV due to a large amount of moisture. Furthermore, the relative variation ratio of CTAV can be a good indicator of the moisture susceptibilities of the mixtures. and 5-10 mm 3 . It indicated that the morphological change of residual moisture in aggregates and freeze-thaw cycles a ected on the air void distribution. During the freeze-thaw cycles, the water-ice cycles slightly expanded the volumes of air voids due to the volume changes from water to ice. From the 3D segmentation images of the RH-WMA samples, a high percentage of air voids was present in the top and bottom regions. e percentage of air voids in the middle region was small and uniformly distributed. e air void distribution related to many factors, such as aggregate gradation and method of compactions.
Conclusions
(ii) e higher the moisture content of aggregates is, the larger the increment of air void content is. e higher increase ratio of CTAV and MAV of the 
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